Signals used in mate attraction are predicted to be highly condition dependent, and thus should be sensitive to environmental contributions to condition. However, the effects of temporal fluctuations in the environment on sexual selection in long-lived animals have been largely ignored. Female superb fairywrens, Malurus cyaneus, use the time that males moult into nuptial plumage prior to the onset of the breeding season to distinguish between the extra-group sires that dominate paternity. Although moult varies predictably with age, and shows marked differences between males, the phenotypic distribution also changes radically with climate; so after dry summers few males can attempt early moult. We use the recently introduced de-lifing technique to examine sexual selection gradients over 15 years of selection. Overall, there was strong evidence of directional sexual selection for early moult. However, sexual selection was much stronger when the conditions were favourable (rainfall was high), and selection was undetectable in some years. The contribution of early moulting males to population growth increased when many males moulted early, decreased when early moulting males suffered disproportionate mortality and decreased when females lacked subordinate helpers, forcing them to cede paternity to their social partner. These data suggest that short-term and laboratory studies of mate choice and sexual selection may misrepresent or underestimate the complexity of the sexual selection landscape.
INTRODUCTION
Theory suggests that where there is a conflict of interest over communication between a signaller and a receiver, the signal may need to have characteristics that enforce its intrinsic honesty (Zahavi 1975; Grafen 1990) . Hence, such signals should initially be costly and condition dependent. Thereafter, further evolution should increase the extent of condition dependence as new genes and regulatory sequences are co-opted to affect the trait (Rowe & Houle 1996) . Although these propositions have become almost axiomatic, empirical support for both the ideas remains weak (Kotiaho 2001; Cotton et al. 2004; Tomkins et al. 2004) . One obvious but often ignored consequence of condition dependence will be a high level of sensitivity to environmental conditions. Several lines of evidence support this proposition. For example, spatial variation in the risk of predation affects both male secondary sexual characters and female preference functions (Stoner & Breden 1988; Houde & Endler 1990) . Similarly, sustained temporal change driven by human-induced climate change or pollution affects both signalling and sexual selection ( Järvenpää & Lindström 2004; Møller 2004; Spottiswoode et al. 2006; Candolin et al. 2007 ). In addition, the signal can depend more on the early environmental conditions than the underlying genotype (Griffith et al. 1999; Qvarnströ m 1999; Jensen et al. 2006) . However, examination of how the selective landscape might change during the lifetime of an individual in response to environmental change have thus far been confined to short-lived species (Griffith & Sheldon 2001; Kruuk et al. 2001; Garant et al. 2004) . This is unfortunate as recent studies of sexual signalling have drawn attention to a much richer range of possibilities when life-history trade-offs affect the amount of signalling effort (Hunt et al. 2004; Getty 2006) .
The effects of environmental variation on mate choice and sexual selection in long-lived species are likely to be complex and difficult to predict (Charmantier & Garant 2005) . To examine a simple but biologically plausible case, imagine a gradient of environmental quality that affects male expression, and a female choice function where females prefer to mate with males that exceed a certain level of sexual display, because the rarity of better males imposes costs of sampling ( Jennions & Petrie 1997) , or because female reluctance to mate is overcome at that threshold (Holland & Rice 1998) . When conditions are poor, it is possible that selection pressure will be heightened, because most females will converge on the few males that can still exceed the threshold, or lessened, as such males are no longer available to most females.
The predictions are also ambiguous when the conditions are highly favourable. Although benign conditions might allow some males to achieve exceptional values of the sexually selected character, if many males are capable of exceeding the threshold, selection could be reduced.
In this contribution, we use data from a long-term study of mate choice in a bird to explore how the environmental variation affects the expression of male display and the fitness surfaces that result from female choice. Our study species is the superb fairy-wren Malurus cyaneus, where male sexual advertisement is directed towards acquisition of the extra-group fertilizations that dominate paternity (Mulder et al. 1994) . Male display to extra-group females has a variety of components, such as song ( Dalziell & Cockburn in press) , and striking dichromatic plumage and flower carrying ( Mulder 1997) . However, overwhelmingly the best predictor of female choice is a display of endurance (sensu Payne & Pagel 1996) , the amount of time prior to the start of the breeding season that males are adorned in nuptial plumage, which in turn predicts the time those males have spent in frequent extra-territorial excursions to display to the neighbouring females (Dunn & Cockburn 1999; Green et al. 2000; . The trait has been demonstrated to have adverse physiological consequences, and all available data support a hypothesis of strong condition dependence (Peters 2000; Peters et al. 2000 Peters et al. , 2001 . The trait varies dramatically between individuals, as some males can bear nuptial plumage and display throughout the winter, while most acquire nuptial plumage only in the late winter or early spring, months after their early moulting counterparts. Like many displays of endurance, the trait also varies within individuals, as males moult progressively earlier and retain nuptial plumage longer as they grow older (Dunn & Cockburn 1999) . Here, we explore the observation that males are forced to reduce the duration they carry the nuptial plumage when the environmental conditions are adverse.
Specifically, we pose three questions. First, how do the changes in the environment affect male signalling? Second, is there any evidence of cost of sexual display that could influence the selective landscape? Third, is it possible to predict variation in the selective landscape under different environmental conditions? We discuss the relevance of our results to the theory pertaining to the lek paradox, the use of displays of endurance, the use of multiple cues in sexual selection and the limitations that arise from the short-term and laboratory-based studies of mate choice.
GENERAL METHODS AND STUDY SPECIES
Superb fairy-wrens form socially monogamous pairs that live on year-round territories. The pairs can breed alone, but in about half of all breeding efforts are assisted in rearing young by as many as four male subordinates, which are generally living on their natal territory (Cockburn et al. in press a,b) . Although females are often unrelated to males on the territory , fertilizations are dominated by extra-group sires, which are themselves dominants or subordinates on the territory on which they live (Mulder et al. 1994; Dunn & Cockburn 1999) . Females control access to extra-group mating, which they initiate via pre-dawn visits to the territory of their preferred sire . Males show seasonal dichromatism, usually moulting to an eclipse female-like dull brown plumage at the end of each breeding season. Then, they show considerable variation in the time at which they moult into nuptial plumage, which involves brilliant sky blue feather patches set against a velvet black background. Males commence extra-group courtship as soon as they complete the nuptial moult (Mulder 1997) , and females prefer to mate with those extra-group males that have acquired blue plumage and commenced courtship months before the start of the breeding season (Dunn & Cockburn 1999; Green et al. 2000; .
We have studied a population of superb fairy-wrens at the Australian National Botanic Gardens continuously since 1988, though because the age of many males was not known precisely at the start of the study, here we report data from mid-1991 to mid-2006, which represents 15 years of selection. We determine parentage through microsatellite-based genotyping (Double et al. 1997a,b; and gender of offspring using the CHD method (Griffiths et al. 1998) . Because males are highly philopatric and live and die on their natal or an immediate neighbouring territory (Cockburn et al. in press a), and because we monitor all nesting attempts (Cockburn et al. in press b) , almost all males are initially colour ringed as nestlings. The time at which males acquire and lose nuptial plumage each year is determined by a rolling census, in which we try and observe every individual each week. As a consequence, the birth and death dates of most males are known precisely. Our sample is drawn from 50 to almost 90 territories, as the number of territories changes over time due to fusion and fission .
In some analyses, it proved informative to separate the time nuptial plumage was achieved into five time classes informed by biological detail, and hence of unequal length (figure 1a). (i) Stayed in nuptial plumage-achieved nuptial plumage via the post-breeding moult or by rapidly initiating a nuptial moult before achieving full eclipse plumage. (ii) Winter-achieved full eclipse but returned to nuptial plumage before the end of week 26 (2 July). These birds completed moult before the main bell-shaped part of the distribution. (iii) Pre-breeding-before the fertile period of the earliest female to initiate reproduction. (iv) Intermediate-before 90% of females had initiated reproduction. (v) Breeding-the period after 90% of females had initiated reproduction, and ending when reproduction ceased, which was on average on week 7 of the new year. For some analyses, we also aggregated the first two classes into the category early moult, and the latter classes into late moult.
Because the fairy-wrens have overlapping generations, the appropriate measure of fitness is the relative contribution to population growth rather than absolute reproductive success (Lande 1982 ), which will depend on both viability and fecundity. Coulson et al. (2006) have introduced a powerful but simple method (de-lifing) that explicitly solves this problem and allows measurement of variation in selection pressure over ecological time frames. They provide detailed explanation of the relevant calculations, which involve determining the parameter p t(i ) , which is the fitness of an individual measured as its contribution to population growth over 1 year relative to the average contribution of the population excluding that individual. For each male alive at the end of week 26 in each year, we determined whether it survived until week 26 the following year, the number of males that it sired within the study area during the ensuing breeding season, which survived until week 26, and used these to calculate p t(i ) for each individual. We related these values to the week in which moulting was completed by each individual in the year in which the fitness calculations commenced.
Our data have a number of limitations that require more detailed discussion than those allowed by space constraints. We discuss these limitations fully in the electronic supplementary material. All statistical analyses were performed with GENSTAT for Windows v. 9.1, except for a proportional hazards analysis in §4, which was fitted with JMP v. 5.
ENVIRONMENTAL INFLUENCES ON SEXUAL SIGNALLING
The distribution of moult dates is strongly left skewed (figure 1a). While most males acquire nuptial plumage in a classically bell-shaped distribution centred on the start of the breeding season, some moult earlier and can acquire nuptial plumage during the post-breeding moult or at any time during the winter. Earlier studies of female preference functions have consistently identified these males as most successful in obtaining extra-group fertilizations (Dunn & Cockburn 1999; Green et al. 2000; . Generally, only males in their fourth or subsequent winter attempt early acquisition of nuptial plumage, and thereafter the proportion of early moulters increases linearly with age until the age of 9 years (figure 1b; generalized linear mixed model with binomial error and logit link and the identity of the male and the year of sampling as random effects; effect of age on early moult: c 1 2 Z429.2, pZ0.001; analysis based on 826 males whose age was known precisely when sampled, which were sampled on average in 2.5G1.9 s.d. years). The decline thereafter is supported by small sample sizes. In addition, the proportion of males 4 years or older, which attempt early moult, varied between the years from 4 to 55% (figure 1c). This proportion only reaches high levels when the rainfall is high in the months preceding and during the post-breeding moult (November-March, hereafter summer rainfall ) (GLMM: c 1 2 Z8.2, pZ0.004).
COSTS OF SEXUAL SIGNALLING
Early moult imposes two distinct costs on males: sustaining the blue plumage and engaging in courtship for a long time, and moult during unfavourable conditions in the winter.
Previous studies have shown that the acquisition and maintenance of nuptial plumage in fairy-wrens is dependent on elevated testosterone levels (Peters et al. , 2001 , which compromise immunocompetence; though consistent with honest signalling theory, highquality males are better able to regulate immunocompetence (Peters 2000) . Whether sustaining blue plumage for a long time imposes viability costs is extremely difficult to test, as a male can only be defined as not having moulted by virtue of its survival in eclipse plumage, biasing analysis to conclude that early moulting imposes a cost. A partial solution is to contrast the survival of those males that were alive at a particular point according to whether they had or had not acquired nuptial plumage. We chose the end of early moult as the starting point of this analysis, as this time point distinguishes all those males with extravagant early moult from those that moulted in the Gaussian part of the distribution ( figure 1a ), yet precedes a period when males are particularly susceptible to mortality (figure 2b). There was no difference in survival between The shading depicts five classes of males used in statistical analysis. The peak at eight weeks refers to males that have used the post-breeding moult to renew their nuptial plumage. The peak at 48 weeks refers to males that failed to achieve full nuptial plumage. Only a very small number of males (at 52 weeks) never moulted. (b) The effect of age of the male on the probability of early moult (NZsample size for each age class). (c) The effect of summer rain on the probability that birds at least 4 years of age will moult early (NZsample size of older birds in each season).
Condition dependence and sexual selection A. Cockburn et al. 607 the late and early moulters from week 26 until the end of the year (proportional hazard model: c 1 2 Z0.13, pZ0.71; hazard for late relative to early moultersZ0.97; 95% CIsZ0.83-1.12).
However, direct evidence of costs comes from a number of episodes where a large number of males in the early moult category died at approximately the same time, in the weeks immediately prior to the breeding season. We identified five such events (where at least four males died at the same time) in 4 years. Although the annual mortality of males is less than 30% (Cockburn et al. in press b), in the 1996 winter, 12 of 27 (44%) early moulting males died in just two mortality events, which occurred on two nights separated by five weeks. The proximate cause of these abrupt mortality events will be explored elsewhere, but rather than being associated with absolute measures of climatic conditions, they appear to be predicted by abrupt transition from unusually warm, moist conditions to nights of heavy frost (%58C).
Evidence that the process of moult is costly comes from the timing of mortality. We analysed the weekly incidence of deaths of each sex during the five phases described in figure 1. While female mortality is bimodal, with a peak in winter and during the breeding season (figure 2a; analysis of variance; F 4,47 Z6.7, p!0.001), mortality of adult males during breeding is negligible, and the peak in mortality when temperatures are at their minimum is extremely pronounced (figure 2b; F 4,47 Z40.7, pZ0.001), beyond any effect of the mortality events describe above. The cost of moulting during the coldest part of the year is implicated in this susceptibility, as some of the deaths at this time are of males known to have initiated the nuptial moult.
SELECTION GRADIENTS AND THEIR VARIATION
Across all 15 years of data, contribution to population growth ( p t(i ) ) decreased strongly as the moult date advanced (figure 3; linear mixed model evaluated with REML with the identity of male and the year of sampling as random variables; c 1 2 Z60.0, pZ0.001; regression coefficientZK0.00013G0.00002 s.e.; analysis based on 902 males which were sampled on average in 2.5G1.9 s.d. years), implicating directional sexual selection for earlier moult. However, the ability of this regression to depict the selection gradient must be viewed with some caution. First, the strong skew in the phenotypic distribution could allow rare extreme values to exert leverage on the regression, and there is no a priori reason to assume a linear selection function (Schluter 1988) . We assessed leverage and nonlinearity by fitting generalized additive models using a cubic spline function to explore the shape of the selection gradient, and fitting categorical models treating moult date as a factor broken into the classes previously identified. Both these approaches support the assumption of linearity (figure 3). The second problem The relationship between the completion of the nuptial moult and the relative contribution to population growth, p t(i ) . The curves were estimated using a conventional linear model using REML (continuous line), a generalized additive model (GAM) based on a cubic spline (broken line), and by dividing the explanatory variable into the five categories from figure 1 (filled circles). For the latter case, sample sizes are the number of males in each category for this analysis, the value of nuptial plumage is the average for that class of individuals, and the vertical bar denotes twice the average standard error of the difference (s.e.d.) in the REML analysis.
arises because the moult date is correlated with other aspects of male phenotype, such as male age, and whether the bird is dominant or a subordinate; so it is necessary to disentangle the role of these variables (Dunn & Cockburn 1999) . We addressed this difficulty by repeating the analysis just for dominant birds that were 4 years of age or older. While the breeding class is essentially absent (NZ2) for these older birds, and the sample sizes are much smaller, very similar results were recovered for a linear model (c 1 2 Z8.0, pZ0.005; regression coefficientZK0.00010G0.00004 s.e.; analysis based on 296 males which were sampled on average in 2.6G1.6 s.d. years), and the categorical analysis (c 4 2 Z13.5, pZ0.009), supporting an influence of moult date regardless of age and social status.
The final caveat to our ability in describing selection arose because the estimate of the random term for year in the original model was highly significant, being eight times the standard error. Therefore, we repeated the analysis of the full dataset by treating year as a fixed effect and found a highly significant interaction between year and moult date (linear mixed model estimated with REML: c 14 2 Z53.3, pZ0.001). Notably, the regression coefficients in several years were indistinguishable from zero (range of estimates from K0.00045 to C0.00001; s.e.d.Z0.00008). Therefore, we investigated the basis for the difference between years. Unfortunately, it is inappropriate to follow conventional practice and use standardized regression coefficients to compare interannual differences in the selection gradient (Arnold & Wade 1984a,b) , because while the regression method is robust to changes in the distribution of fitness, its assumptions are violated by large changes in the variance and skewness of the phenotypic distribution (Lande & Arnold 1983; Arnold & Wade 1984a) . There are two problems. First, if the earliest males to moult dominate population growth and they all moult just a couple of standard deviations earlier than the mean, then the selection gradient can actually be steeper than where the best males moult many standard deviations earlier than the mean, owing to leverage. Second, in some years only one or two males achieve early moult, which will exert strong influence on the regression in a way that is not easily solved by data transformation. We partly circumvented these difficulties by calculating the contribution of the earliest 10% of males to complete moult to population growth ( p t10 ). Following Coulson et al. (2006) , we calculated this as p t10 Z ððN t K 1Þ ! P x 1 p tðiÞ Þ=ðN t KxÞ, where the individuals have a rank (i ) according to the moult date; N t is the number of competing males; and x is the rank of the individual at the 10th percentile (x averaged 14.8G4.3 s.d., NZ15, rangeZ8-21). Although more individuals contribute to this measure in some years, absolute values of p t(i ) decrease with increased N t ; so the p t10 estimate is comparable. While p t10 is highly correlated with the selection gradient (F 1,13 Z26.1, pZ0.0002, R 2 Z67%), it proved less sensitive to the high leverage that occurred when just one or two males achieve extremely early moult.
We tested five explanatory variables on p t10 as follows. (i) The proportion of males 4 years of age or older, which moulted early. It is possible to develop a priori hypotheses that predict opposite results. If poor conditions mean that only a few males achieve early moult, then these males might be expected to dominate reproduction. By contrast, if good conditions allow many males to achieve early moult, comparison might be facilitated, or differences between the best males accentuated. Because the proportion of early moulting males is correlated with the summer rainfall (figure 1c), we also contrasted the performance of models containing the summer rainfall and the proportion of early moulting males, though we did not use both in the same model owing to collinearity.
(ii) Whether mortality events occur. Not only do these events reduce the number of early moulting males but also frustrate female choice if her preferred extra-group male dies just before the start of the breeding season. (iii) The proportion of territories that have helpers. Once again, the direction of any effect is uncertain. Females with helpers have greater ability to cuckold their social partner completely (Mulder et al. 1994) ; so the presence of helpers should accentuate sexual selection. However, helpers should reduce sexual selection because they parasitize the success of the early moulting males that attract extra-group females .
(iv) The number of territories, which influences population size, and hence the extent to which any one individual can contribute to growth (Coulson et al. 2006) . (v) The average production of independent offspring per territory. Fecundity fluctuates much more than viability in response to climate (Cockburn et al. in press b), so the relative importance of fecundity and viability to population growth should change as productivity increases.
We contrasted the ability of these parameters to explain p t10 , using the 15 annual estimates of each explanatory variable. Using stepwise deletion, there was no effect of the number of territories (least-squares multiple regression analysis; F 1,10 Z0.7, pZ0.43) or the number of independent offspring produced (F 1,10 Z0.1, pZ0.78), but the other three terms remained in the model, explaining 79% of the variance between years. p t10 increased with the proportion of early moulting males (figure 4a; F 1,11 Z14.7, pZ0.003; regression estimateZ0.152G 0.040 s.e.), though was reduced sharply when the mortality events occurred (figure 4b; F 1,11 Z20.5, p!0.001; effectZK0.312G0.007 s.e.). In addition, p t10 increased with the proportion of territories with helpers (figure 4c; F 1,11 Z9.4, pZ0.011; regression estimateZ 0.140G0.046 s.e.). Substitution of summer rainfall for the proportion of early moulting males reduced the explanatory power (R 2 Z55%), perhaps because our measure of rainfall does not explain the variation when the rainfall is high (figure 1c).
CONCLUSIONS
Our data support the hypotheses that sexual selection in superb fairy-wrens is heightened when there are many early moulting males available to females, and when helpers are common, so females have a greater opportunity to cuckold their social partner completely. All of these variables in turn represent a response to inter-annual differences in climate. More males moult early when the summer rainfall is high ( figure 1c) , and helper number increases in response to the spring rainfall (Cockburn et al. in press b).
Condition dependence and sexual selection A. Cockburn et al. 609 Our results have a number of general implications. First, if the female choice that drives intersexual selection focuses on condition-dependent traits and augments their condition dependence, environmental effects on condition will lead to changes in the phenotypic distribution and possibly also its variance, changing the adaptive landscape. These effects are likely to be general and non-trivial. For example, in many species the ability to produce courtship signals improves with age (Manning 1985) , presumably as the ability of older individuals to convert condition into display is enhanced (sensu Getty 2006) . While there is clear evidence of the differences in performance among age classes in the fairy-wrens, we were unable to identify any aspect of age-related improvement that is likely to rival the dramatic changes in food availability, which occur between droughts and wet conditions (Cockburn et al. in press b). Perhaps unsurprisingly, drought precludes extreme sexual signalling in most males. Sexual selection in fairy-wrens is accentuated in favourable conditions, but we see no cogent theoretical reason why this should generally be the case, and a plausible case can be made that the opposite will often be true, as only a few males reach a level of display that suffices to attract females. Only many more empirical studies of this question will resolve whether environmental amelioration generally increases or decreases sexual selection.
Second, it has been argued that displays of endurance are more likely to reveal the differences in male condition than temporary displays or traits that are acquired or displayed in a narrow window of time (Sullivan 1990; Payne & Pagel 1996; Kokko et al. 1999) . While the importance of early moult in fairy-wrens supports that argument, our data also suggest that extreme displays of endurance have a peculiar source of unreliability. In extreme systems such as fairy-wrens, males can die between the formation of mate preference and its consummation.
Third, female fairy-wrens continue to mate with extragroup sires despite the weakening of sexual selection in some years, which could obscure any benefits that females obtain from choice (Qvarnströ m 2001; Welch 2003) . In addition, episodes where choice is ineffectual could reduce the depletion of genetic variation that is predicted under the lek paradox (Kirkpatrick & Ryan 1991) , and hence contribute to its explanation (Kokko & Heubel 2008) . Alternatively, if the primary cue used in choice is unreliable under some conditions, then females may redirect their attention to alternative cues (Greenfield & Rodriguez 2004; Cotton et al. 2006) . There remains little consensus on why sexual signalling often involves multiple ornaments ( Johnstone 1996; Candolin 2003) , but the use of backup signals when the main cue is rendered unreliable represents one possibility. Unfortunately, we lack comparable long-term sampling of such cues, and such data will prove difficult and expensive to obtain (Dalziell & Cockburn in press) .
Finally, our data emphasize that short-term studies or those in the laboratory environments where environmental variation is constrained could potentially either underestimate the complexity or misrepresent the nature of sexual selection. Most research is conducted in the narrow window imposed by the 3-year cycle of a doctoral program or research grant. In the case of the data reported here, it is possible a posteriori to identify 3-year periods where a short-term study could have led to the conclusion that strong and consistent directional sexual selection is the primary influence on moult date (1992) (1993) (1994) ; c 1 2 Z82.9, pZ0.001), or just one decade later, and that there is no sexual selection at all (2002) (2003) (2004) ; c 1 2 Z0.2, pZ0.65). Environmental variation may explain much of the inconsistency between the short-term studies of sexual signalling, and cannot be ignored in the theoretical and empirical analyses of sexual selection. 
